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The dynamics and emittance growth of intense, short-pulsed electron beams emitted from laser-
irradiated photocathodes are studied. A nonseparable solution to Laplace's equation is shown to
admit a class of electrode shapes which produce minimum emittance growth. These shapes, along with
the beam dynamics in the gun region, are further analyzed with two-dimensional computer
simulations. The calculations are intended to support the production of a 20-ps, 600-A, 12-nC electron
beam with an emittance of 401t mm-mrad for use in free-electron laser experiments at Los Alamos.
Unique emittance problems associated with electrostatic focusing of the beam space charge and the
time dependence of the beam pulse are studied and conditions for mitigating these effects are
discussed.
Recent experiments have shown that laser-illuminated photocathodes are capable
of producing electron beams with a current density of more than 200 A/cm2 [Ref.
1]. Use of a laser to control the pulse length allows the temporal and spatial
profiles of the electron beam to be controlled by tailoring the laser pulse. When
the photocathode is used as an electron source for an rf accelerator this procedure
would eliminate the need for a buncher.2 Similarly, the prebunched beam can be
used as a driver for klystron cavities, making an efficient microwave source. 3 ,4
Because the electrons are emitted via the photoelectric effect, the source is not
subject to the thermal emittance limits inherent in thermionic cathodes. These
photodiodes can potentially produce much brighter electron beams than are now
available. Applications that would benefit from high-brightness electron beams
include wakefield accelerators,S free-electron lasers,6 and efficient microwave
generators. 7
In the simplest mode of operation, in which the applied voltage is dc, a laser is
pulsed repetitively onto a photoemissive cathode. The current pulse follows the
laser intensity, and, in general, is not space-charge-limited. The electron pulse is
then accelerated out of the device by a constant voltage. In another application,
the rf lasertron, the diode is built within an rf cavity. This improves the
breakdown characteristics of the device, allowing higher voltages to be applied
and hence higher currents to be obtained. This device requires precise synchroni-
zation of the laser pulse with the rf. The calculations presented here are aimed at
producing a 20-ps, 600-A electron beam with an emittance of less than
40 Jr mm-mrad for use in free-electron laser experiments at Los Alamos. 4
In order to take advantage of the properties of laser-controlled photodiodes, a
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new set of diode design criteria are needed. We present here an analytical and
numerical study of the factors which affect the design of high-brightness electron
beams. This study extends our previous work on this concept7 to include a more
complete elucidation of the theory and some recent results. In general, the diode
will not be space-charge-limited, so conventional Pierce electrode shapes are not
appropriate. Furthermore, the finite temporal profile of the electron beams
introduces time-dependent space charge into the design problem.
The approach taken here to minimize the space charge emittance growth is to
operate at low perveance; therefore large electric fields are required in order to
obtain high currents. We exploit the fact that the electron emission is controlled
by the laser and is independent of the voltage on the diode, so the diode can be
driven by an rf field. In principle, a higher frequency means higher breakdown
limits, so the perveance can be made small. However, operating at too high an rf
frequency introduces other detrimental effects.
1. ELECTRODE SHAPES
Electrode shapes utilizing electrostatic focusing in field-emission diodes8 are
usually based on solutions of Laplace's equation in a suitable geometry with the
space-charge-limiting condition Ez(O) = O. However, photocathodes are not
necessarily space-charge-limited, so this condition on the electric field is not
appropriate. A more appropriate condition would be minimization of the
emittance of the beam.
In the paraxial approximation, emittance in charged particle beams arises from
nonlinear radial electric fields. Thus if E r is everywhere linear in the radial
coordinate r, the dynamics of the particles are self-similar and no emittance
occurs. The electric field in a diode is determined by the electrode shapes and by
the space charge of the beam that is created; either field can be nonlinear and
consequently a source of emittance. To minimize the emittance, we begin by
requiring the field produced by the electrodes to be linear.
A solution to Laplace's equation V2 (jJ = 0, for which the radial electric field is
linear in r and which satisfies the azimuthal symmetry condition Er(r = 0) =0, can
be written Er(r, z) = a(z )r. The electric potential (jJ(r, z) can be obtained from
Er(r, z) = - o(jJ / or and the solution is (jJ(r, z) = - a(z )r2 /2 + f3(z).
For (jJ(r, z) to be a solution to Laplace's equation, it is required that
a = Az + Band f3 = Az3/3 + Bz2 + Cz + D, where A, B, C, and D are arbitrary
constants. A potential that vanishes at the origin is chosen so that D = O. It can
be shown that C = - Eo, where Eo = Ez(r = 0, z = 0) is the value of the
longitudinal electric field at the origin. Using Eo as a parameter, we define two
new constants: a = A/Eo and b = B / Eo. Then the solution for (jJ(r, z) becomes
(1)
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and the electric fields are given by




Note that Er > 0 is a focusing force for electrons. As z~ 0, Er~ Eobr. By
choosing b < 0 (for a > 0), initial focusing of the beam is achieved. Let Zo be the
axial position where Ez vanishes on the axis, and Xo be the axial position where Er
vanishes for all r. We then have
1 - az~ - 2bzo= 0
axo + b = 0,
and expressing the constants a and b in terms of the parameters Zo and Xo, we find
a = (z~ - 2Z0XO)-1 and b = -axo. By defining the normalized electric potential
1/J(r, z) = -(jJ(r, z)/Eozo, the normalized coordinates p = r/zo and' = z/zo, and
the single parameter f.l = Xo/zo, we can restate Eq. (1) as
1/J(p, C) = C+ p2(C -.u~ -=- ~~C/3 - .u) .
The potential is chosen to vanish at the origin. The only free parameter in the
solution is f.l,which we refer to as the focusing parameter.
The equation for the equipotential surfaces which constitute the electrode
shapes can be obtained by solving this equation for p as a function of' for fixed
1/J:
(3)
As an illustration, consider the simple case f.l~ 00. The anode shapes are
determined by the solution to Eq. (3) for fixed, nonzero 1/J:
(4)
Cathode shapes can be obtained by setting 1/J = 0 in Eq. (4). In this case,
p = 2C(C- 2), and there are two cathode shapes: one that intercepts the p = 0
axis at ,= 0, and one that intercepts the axis at ,= 2. In Fig. 1 we plot the
cathode equipotentials and the family of anode potentials in the f.l~ 00 limit for
1/J = 0.65, 1/J = 0.85, and 1/J = 1.00. Note that the cathode shapes in this limit are
non-focusing, and thus applicable only to low-perveance photodiodes.
In general, Eq. (3) defines two types of equipotentials: "cathode" equipoten-
tials which usually intercept the '-axis (there are two kinds) and "anode"
equipotentials which escape to infinity. As shown in Fig. 1, of the two cathode
equipotentials, one intercepts the origin and one intercepts the '.;.axis for' > 0
(or does not intercept the '-axis at all). Since the former equipotential is usually
taken to descibe the electrode from which the beam is emitted, it can be
designated as the emitting cathode.











FIGURE 1 Equipotential curves p vs. ~ for f.l~ 00 and the three cases 1jJ = 1.0, 0.85, and 0.65. As 1jJ
decreases, the "anode" equipotentials bend increasingly towards the p = 0 axis.
An electrode shape can be defined more exactly as an anode or cathode
equipotential if the solution to Eq. (3) satisfies 1/J > 1jJcr (anode) or 1/J < 1/Jcr
(cathode). The curve 1/J = 1/Jcr is an equipotential separating the two classes of
shapes. The value of 1/Jcr can be easily determined. As can be seen from Eq. (3)
or Fig. 1, increasing the value of1/J for a given Il brings the minimum of the anode
shape closer to the axis. This minimum occurs, by definition, at the point ,= 1
(since C= z / Zo and Zo is the axial position where J1/J / Jz = 0). The critical contour
1/J = 1/Jcr is the equipotential whose minimum value at , = 1 is p = O. From Eq. (3)
this curve is
(5)~-1l1/Jcr = 1 - 2/1 .
There are no anode equipotentials with 1jJ less than the value given by Eq. (5),
and no cathode equipotentials with 1/J greater than this value.
Note that there isa singularity at Il = 1in Eq. (5). The solution of Eq. (3) for
Il = ! consists of a single equipotential which is given by the equation
This solution is impractical since it describes a single curve beginning at the origin
and approaching infinity as ,~~. The Il = 1 case separates the two classes of
solutions for Eq. (3). For 0 < Il < 1, the emitting cathode tilts towards the anode
as shown in Fig. 2 (the Il = 0 case gives a flat cathode). In this regime the
equipotential curve for the emitting cathode asympotically approaches infinity as
,~ Il [cf. Eq. (3) and Fig. 2]. For Il < 0 and Il > 1, the cathode bends away from
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(6)
the anode, which causes defocusing (see Fig. 1). The case 11~ 00, which has
already been discussed, is a special case of this latter class of solutions. Only the
range 0 ~ 11 ~ 1 in Eq. (3) is applicable to focusing diodes.
The contour ljJ = ljJcr divides the space into three regions. The two cathode
equipotentials corresponding to ljJ = 0 can be determined from Eq. (3) to be
p = 2C ~..[(1- 21l) + C(1l - C/3)].
1l-,=,
The axial position at which this cathode shape intercepts the '-axis is obtained
by solving Eq. (6) for p = O. The roots of this equation are , = 0 and
, = (3,u/2)[1 ± VI - (8/31l 2)(,u -1)]. (7)
The root of Eq. (6) corresponding to the negative sign in front of the square root
in Eq. (7) should be neglected because of physical considerations. Equation (7)
does not possess real solutions in the range ~ < 11 < 2. In this case, the ljJ = 0
equipotentials do not intercept the '-axis for , > O. Though ljJ < ljJcr for the ljJ = 0
curves in this range, these "cathode" equipotentials actually escape to infinity
(like the "anode" equipotentials) instead of vanishing into the '-axis.
If electrodes at the indicated potentials are placed as shown in Fig. 2, the
vacuum electric field will be linear everywhere in the region outside the
conductors. In practice, this solution can only be approximated. Figure 3 shows
the electrode approximation used in an actual ISIS calculation. (ISIS isa fully
relativistic, electromagnetic particle-in-cell simulationcode.9 ) The ljJ = 0
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FIGURE 2 Equipotential surfaces obtained from Eq. (3); these surfaces produce a radial electric
field that is linear in r.








FIGURE 3 Result of particle-in-cell calculation for a pulsed beam in a stairstep approximation to
the electrode structure shown in Fig. 1.
be expected that this electrode configuration will give a good approximation to
the solutions near the origin.
In ISIS, laser-controlled emission. is modeled by placing particles on the mesh
to give a current density at the cathode corresponding to the laser intensity. The
algorithm used to simulate space-charge-limited emission is based on the analytic
solution for emission in a one-dimensional or planar diode. The current density
to be emitted is calculated by requiring that the current density up to one-half cell
from the emitting surface must obey this analytic solution.
The calculations use a system of dimensionless variables in which the space
variables scale with a parameter Aand the time variable scales with Ale, where c is
the speed of light. For example, the calculation shown in Fig. 3 is labeled as if A
were 1 em; thus the calculation is for a diode with a 0.19-cm-radius emitting
cathode and a 16.7-ps laser pulse. Setting A equal to 10 em would give a
1.9-cm-radius cathode and a 167-ps laser pulse. The electric fields and current
densities scale similarly. Because emittance has units of length, it scales linearly
with A as well. The graphs show emittance normalized to the square root of the
cathode area A (A = A 112). For a unit cathode area A = 1 mm2 , the emittance is
denoted simply by £, in units of n mm-mrad. The variables which do not scale are
the voltage and current.
Several simulations were performed with electrode shapes based on Eq. (3) for
low laser intensity and long laser pulses. These calculations were run to
steady-state and resulted in emittances of 0.3 to 0.5 n mm-mrad. With space
charge corresponding to 200 A, the emittances increased to 6.4-22.5 n mm-
mrad. In general, for non-zero space charge, the emittance is a function not only
of beam current and diode voltage, but also of the amount of electrostatic
focusing force placed on the beam. This is because the presence of space charge
causes a shear in the axial beam velocity of the electrons coming off the cathode.
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This shear causes the beam to become hollow. The resulting nonuniform space
charge produces nonlinear radial electric fields which cause emittance growth in
the diode. This effect can be compensated for by choosing an electrode shape
which produces an axial electric field, thus creating a shear in the axial velocity in
the direction opposite to that produced by space charge.
The emittance numbers quoted here are normalized rms emittances measured
as the beam exits the simulation region. The definition of emittance used is the
normalized rms value obtained from the representation for axisymmetric beams
(as in Lapostolle11):
(8)
where ( ) denotes a charge-weighted average over the particle quantites. These
quantities are the radial coordinate of the particles r, and r' (defined as yvr/vz ,
where V r is the radial velocity, V z is the axial velocity of the particles and y is the
Lorentz factor.) The ·rms calculation is carried out over a time long enough to
obtain a good statistical sampling of particles. For pulsed beams this interval must
be long enough to sample all the particles (typically, 5000-10000) in the pulse.
Figure 4 shows the emittance measured from a set of ISIS calculations with the
geometry varied by changing the parameter 11. The results are for dc beams
(continuous, not pulsed). The potential on the diode was held constant at 1 MV,
and the current was brought to a steady-state value of 167 A. In all cases the
anode was used as the 1jJ = 0.85 equipotential. The approximation actually used
for the 11 = 0.15 case, which gave the smallest emittance, is shown in Fig. 3.
Smaller values of 11 do not compensate enough for the space-charge shear, and
larger values of 11 overcompensate. Both effects produce nonuniform space
charge and hence nonlinear radial electric fields that cause increased emittance.
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FIGURE 4 Plot of normalized emittance versus focusing parameter 11 from ISIS simulations. The
minimum emittance is obtained for 11 = 0.15.
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WILLIAM PETER AND MICHAEL E. JONES
(9a)
(9b)
and the axial electric field is given by
/
p2/2 - C2. + 2JlCEz Eo = 1 +------1- 2Jl
As Jl ~!, Ez becomes a stronger function of p. Increasing the free parameter Jl
from zero has the effect of compensating for the shear introduced by space
charge. The optimal value of Jl to use depends on the perveance of the diode.
The search for the electrode shape which gives the most laminar beams is
therefore reduced to a search through the single parameter Jl, with the electrode
shapes given by Eq. (3). Increasing Jl has the effect of tilting the cathode forward
toward the anode. Thus the beam leaving the cathode is focused more as !l is
increased.
One might think .it is advantageous to determine the value of f.l such that the
angle the cathode makes with the beam is the Pierce angle, 67.5°. (The Pierce
angle is the unique angle for which the emitted beam coming off the cathode is
rectilinear. 8) An analysis which derives the Pierce angle in the ultra-relativistic
limit has been done10 and shown to be equal to 45°. However, this calculation, is
electrostatic and does not include the beam's self-magnetic fields. No solution for
the Pierce angle including the effect of the self-magnetic fields is currently known
so we cannot fix Jl by this procedure.
PULSED BEAM SIMULATIONS
Emittance can arise from several effects, including nonlinear beam optics,
nonlinear space charge, time-dependent space Charge, and time-dependent
focusing and acceleration. Some of these phenomena are interrelated. One of the
main advantages of using a laser to control the emission is that the beam can
be prebunched. Unfortunately, the finite length of the beam means that the
argument that uniform space produces linear radial electric fields is not valid
everywhere. The effect of the ends of the beam is to introduce nonuniform
focusing of the beam which causes increased emittance for pulsed high-current
beams.
Because the beam profile follows the laser pulse, time-dependent effects
become important in determining the properties of pulsed beams. Laser-
controlled emission is modeled in ISIS by placing particles on the mesh to give a
current density at the cathode corresponding to the laser intensity. The
simulations scale with a parameter with units of length. Time scales are related to
the length scale by the speed of light. In the emittance measurements reported
here, the scale length is taken to be the square root of the cathode emitting area,
vA.
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FIGURE 5 Emittance as a function of pulse length obtained for ISIS calculations. Step-function
temporal beam profiles show significantly lower emittance than Gaussian profiles.
The short electron bunches produced by the photoinjector are subject to
emittance growth caused by the fact that space-charge forces are different at the
ends of the beam than they are in the center. A scaling law predicting the initial
rate of emittance growth has been derived by Jones and Carlsten12 in this case.
Since for later times the beam shape has distorted significantly, this scaling law
represents an upper bound on the rate of emittance increase.
Laser pulses are readily produced which are gaussian in temporal profile. It is
more difficult to produce uniform, step-function pulses.
Figure 5 shows a set of simulations for beams of varying lengths. The potential
is held at a dc value of 1 MV and the peak current in each case is 167 A. The
geometry is that for f.-l= 0.15, as shown in Fig. 2. As can be seen, the emittance is
a weak function of pulse length and actually goes up slightly with increasing T.
The simulations show a higher emittance for pulsed beams than for dc beams due
to the increased emittance from particles at the ends of the beams. In simulations
for which the total charge in the beams is held constant and the current is varied,
the emittance was found to be a strong decreasing function of the pulse length.
As the pulse gets longer, not only do the particles at the ends constitute a smaller
fraction of the total number of particles (and thus contribute less to the
emittance), but the space charge forces causing non-self-similar expansion
decrease.
The increased emittance is due to two effects. The electrode shapes at f.-l = 0.15
are chosen to give. minimum emittance for an infinitely long uniform current
beam (in this case 167A). Because the space charge varies along the beam, the
net force on the beam (electrostatic focusing plus space charge) will vary along
the beam. This variation in focusing introduces an emittance when averaged over
the entire beam pulse. Furthermore, the electric field is not purely radial near the
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ends of the beam. Therefore, even for finite length axial uniform beams the
nonlinear space-charge forces can lead to emittance growth. The simulations
indicate that the uniform beams have significantly lower emittances than gaussian
beams.
RF EFFECTS
The emittance growth due to nonuniform space charge can be ameliorated by
reducing the perveance of the diode. In order to do this without reducing the
beam current, the electric field stresses on the electrodes must be increased. If the
diode is made part of an rf cavity, the peak electric-field strengths can be
increased (in rough proportion) by increasing the rf. However, if the electric field
is changing too rapidly, the particles emitted earlier will experience different
forces from the ones emitted later; the increase in emittance from this effect may
outweigh the advantages of using the higher frequency.
A simple model of this effect can be obtained as follows. Asssume that the
radial electric field· on the particles is independent of axial position. The value of
the field on each individual particle may be different, however. Assume that E r is
linear in r. If Er were independent of time, there would be no emittance growth.
Now let E r vary as
rErOE r =-sin (wt + (jJ).
rb
(10)
If the particles have no significant radial motion, the equation of motion is easily
integrated to give
yf3r = We [cos (jJ - cos (wt + (jJ)],
w
(11)
where f3r = vr/c and (jJ is the phase at which the particle is emitted. The quantity
We = (r/rb)(eErlJ/mc) is related to the net radial force F,. ~ Er - Be. For low
frequencies the electric field Er is dominant. If the axial velocity V z is much larger
than the radial velocity V r then r' ~ yf3r. To calculate the emittance as defined by
Eq. (9) we must evaluate the expression at the exit of the diode, Z00 For




f( (jJ) == cos (jJ. - cos (wzo/c + (jJ)
The integrals are elementary. The emittance growth, assuming ~(jJ.« 1 and
wzo/c «1, can be written as
(13)
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~ WT =0.16, wZO/c =0.27












FIGURE 6 Emittance as a function of rf phase for three different frequencies. High-frequency
diodes are more sensitive to the phase at which particles are emitted.
where r is the pulse length. From this expression we see that to lowest order, the
emittance from this effect depends only on the phase around which the particles
are emitted and not on the frequency of the rf. Operating near the peak of the rf
voltage (<P = 90°) would appear to make this effect unimportant.
Figure 6 shows the results of a series of simulations using the electrode shapes
defined by Eq. (3). These shapes was derived for static photodiodes but can·also
be used advantageously in the rf case. The particular set of simulations portrayed
in Fig. 6 was designed to study the effect on emittance of varying the phase of the
rf for different frequencies. The beam-pulse profiles are all Gaussian in time, and
radially uniform, with a peak current of 167 A at 1 MV. The plotted phase
corresponds to the centroid of the beam pulse. The geometry is that shown in Fig.
2. The three sets of calculations differ only by changing the frequency.
The triangles show the simulations for the .lowest frequency. Near <P = 90° the
emittance is essentially independent of the phase and is given by the value found
for the dc voltage case shown in Fig. 5. As Icos <Pol gets larger, so does the
emittance, as indicated by Eq. (10).
The simulation data represented by the squares corresponds to an rf frequency
4.. 3 times larger than that represented by the triangles. The minimum emittance is
roughly the same as in the previous calculations; however, the minimum occurs
before <p = 90°..One reason is that in the later pulses, some particles try to leave
th diode after the voltage has reversed. The trajectories of these particles are
strongly perturbed, so the average emittance of the beam increases.
The simulations at the highest frequency, (circles) exhibit this effect even more
strongly. In addition, the assumptions of ~<p« 1 and wzo/c« 1 are questionable,
and higher-order effects cause increased emittance at the smaller phase angles.
Great care was needed to eliminate the effects of higher-order modes in the rf
cavity. This implies that a real diode would be sensitive to parasitic modes
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regardless of how they are produced. In a high-duty-factor device, the short
pulsed beams themselves could generate wakefields which could cause an
emittance problem in subsequent beams.
A design configuration for laser-driven rf electron guns has been presented by
MacDonald. 13 By Fourier analysis of a standing-wave rf field with circular
symmetry, an ideal "Jr-mode" structure consisting of (n.+!) cells was found to
cause the least distortion of the beam. In this case, the appropriate solution to the
field equations is symmetric about z = O. To ensure minimum deflection of the
beam as the bunch nears an aperture, the phase at which the particles are emitted
should be somewhat less than 90°.
Kim andChen14 have recently done an emittance analysis of.a sequence of rf
cells operating in the Jr mode. For a Gaussian beam distribution, the rf emittance
(including the effects of the magnetic field and the conditions at the cavity exit)
can be shown to be
(14)
which is similar to Eq. (13). In Eq. (14), rg and Zg are the rms transverse and
logitudinal lengths of the gaussian beam distribution. The angle 1>/ is the phase at
the exit of the (n +!)-cell cavity and is given by
W1>/ = 1>0 + . . . .
We SIn 1>0 (15)
(16)
Thus, for high frequencies, it is no longer sufficient to approximate 1>0 =:::: 1>/, and
the initial phase 1>0 should be chosen such that 1>/ = Jr /2, or
(~ - q>o) sin q>o = :e '
i.e., 1>0 < Jr /2. This difference accounts for the results presented in Fig. 6 for the
three frequencies.
In the static case, the results of McDonaldL ; do not reduce to these primarily
because the solutions presented here are nonseparable, and do not share the
property of symmetry about Z = o. While such a symmetry condition is appropri-
ate for cavities and certain injectors (such as the Brookhaven Accelerator Test
Facility), it may not be appropriate for electron guns employing electrostatic
focusing, for example. Work on general electrode shapes for the rf case is
currently in progress.
In conclusion, minimum emittance can be obtained for photodiodes by using
electrode shapes based on Eq. (3). High-perveance diodes can be made with low
emittance by using the focusing solutions of Eq. (3) for 0< {l <!. Precisely which
value of {l minimizes the velocity shear of the space charge depends on the
current density in the beam. The nonlinear space charge forces at the ends of a
pulsed beam can remain sources of emittance, which can be minimized by
reducing the space charge fields. Operation in an rf mode may introduce
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